Here we present a methodology, which allows for an optimization of aircraft design aspects with regard to climate change. During the optimization, each iteration requires an estimate of a 3d emission distribution and from that an estimate of the climate impact. Hence it is necessary to distinguish the climate impact of two emission sets. This is difficult because considerable uncertainties of the overall climate impact from air traffic still exist. These uncertainties arise to a large extend from uncertainties in atmospheric processes. We address this problem by determining the difference in climate impact of two aircraft configurations for a large subset of parameter settings representing those atmospheric processes. Therefore a Monte-Carlo-Simulation for uncertainties of climate impacts is performed with AirClim, an efficient tool for climate evaluation of aircraft technology. The methodology is introduced and the principle mechanism is presented exemplarily with an application to aircraft emission inventories. The results show that although large uncertainties exist in the overall climate impact estimate of current air traffic, small differences in the emission pattern lead to stochastic significant changes in the climate impact. In the future this approach can be applied to evaluate and possibly minimize the climate impact of new aircraft technology.
I. Introduction
Warming of the climate system is unequivocal and consequences of climate change are a challenge to society.
1 It is our responsibility to mitigate the climate impact. The climate impact of current air traffic is contributing to global warming in the range of 3 to 4% and is expected to grow further. [2] [3] [4] Air traffic is a part of human's mobility with an increasing rate in transport volume in the order of 5% per year. 5 Civil aviation is confronted with increasing attention concerning its impact on climate. This implies the inclusion of climate metrics into the pre-design of new aircraft technologies. 6 Here we present a methodology, which allows for an optimization of design aspect with regard to climate change. This approach includes aspects of aircraft pre-design, flight routings, costs and climate aspects, which are described in more detail in a companion paper by Koch et al. (2009) . 7 Within the present study, we focus on the climate change aspect. We introduce the methodology and present the principle mechanism exemplarily with an application to aircraft emission inventories, which shows that although considerable uncertainties of the overall climate impact from air traffic still exist, it is possible to distinguish two emission data sets with respect to their climate impact. Therefore a Monte-Carlo-Simulation for uncertainties of climate impacts in combination with AirClim, an efficient tool for climate evaluation of aircraft technology, is performed. We introduce the methodology and present the principle mechanism exemplarily with an application to aircraft emission inventories. In the future, e.g. in the framework of projects like CATS (Climate compatible Air Transport System) and Clean Sky, etc. such an approach can be applied to evaluate and possibly minimize the climate impact of new aircraft technology.
II. Aircraft-induced perturbations and their uncertainties
The climate impact of air traffic arises from a number of emission-related perturbations to the atmosphere. The perturbations and their estimated radiative forcing (RF), a metric of the climate change potential, are shown in Fig. 1 . Emissions of carbon dioxide (CO 2 ) and water vapor (H 2 O) lead to greenhouse warming. While CO 2 accumulates in the global atmosphere due to its long life time and exerts a noticeable RF, the increase in atmospheric concentrations of H 2 O, hence its climate effect, is small due to the short turnover times of a few weeks in the upper troposphere. Emissions of nitrogen oxides (NO x ) lead to increasing ozone (O 3 ) concentrations on time scales of days to weeks and reductions in methane (CH 4 ) concentrations on much longer time scales. While increasing ozone concentrations cause a warming, the decreasing CH 4 concentration produces a cooling of the climate system. Emitted soot particles produced during fuel combustion (mixed sulfate/organic particles forming in the exhaust plumes) lead to a slight warming through absorption but also to a slight cooling through scattering of solar radiation, however the global climate effects are very small. 8 Higher climate impacts are caused by formation of contrails from aircraft exhausts. While reflection of terrestrial radiation lead to warming, reflection of solar radiation lead to a cooling. In general, the warming effect exceeds the cooling effect. Contrail cirrus develops from persistent line-shaped contrails through wind shear. The generation of contrail cirrus leads to changes in cirrus cloud coverage and properties. Changes in cirrus microphysical properties can also be caused by soot particle emissions acting as cloud-forming nuclei. While the climate impact of CO 2 is independent of the location of the emission, the climate impact of H 2 O, O 3 , CH 4 and contrails depends on the latitude and altitude of emission. Little uncertainty exists in quantifying the RF from CO 2 emissions, but the accuracy of climate change predictions depends on the exact knowledge of total global fuel consumption by commercial and military aircraft. The perturbation by H 2 O emissions to the upper tropospheric moisture budget is difficult to be quantified exactly mainly because of the large spatial and temporal variability of the latter. Current uncertainties in quantifying the exact amounts of the particulate emissions will not result in significant changes of the total aviation-induced RF because their contributions are small and they partially cancel each other if only direct effects are considered. The accurate quantification of the NO x -induced O 3 changes is difficult because of the incomplete understanding of the atmospheric distribution of reactive nitrogen and peroxy radicals, which determine the net photochemical production rate of O 3 . Uncertainties in NO x emission indices for the global fleet further contribute to the uncertainty of predicted O 3 -induced RF changes. The estimate of NO x -induced CH 4 changes on RF is even more difficult to quantify because it involves chemical feedback mechanisms that develop over decades. Current estimates of line-shaped contrail RF are uncertain because of insufficient knowledge of their optical properties and the general lack of worldwide continuous observations, and probably represent lower limits. At present no reliable best estimates of the contribution of contrail cirrus and of soot effects on cirrus to climate change exist. Only recently a climate model representing contrail cirrus based on a physical treatment has been published but RF calculations are not available yet.
11 Parametric studies indicate a potential importance of the soot effect, but as long as the ice-forming properties of aircraft soot and other atmospheric particles are not well known, associated RF estimates remain speculative.
Overall, non-CO 2 effects, in particular those arising from ozone and contrail cirrus, contribute largely to the overall aviation-induced climate change. Pending uncertainties currently preclude robust predictions, but recent developments in improving the representation of relative humidity, cirrus clouds, and chemistry in large-scale atmospheric models will yield more reliable estimates in the near future.
III. AirClim -An efficient assessment tool
As the climate impact of air traffic is highly dependent on the emission region it is not possible to scale the climate impact in a proportional way to fuel consumption if flight pattern differ. Therefore a model to calculate the climate impact to a certain emission distribution is necessary. AirClim is a model which comprises a linearization of atmospheric processes from the emission to radiative forcing, resulting in an estimate of near surface temperature change, which is presumed to be a reasonable indicator for climate change. Numerous air traffic scenarios, including different routings and technological options can be evaluated taking the climate agents CO 2 , H 2 O, CH 4 and O 3 (latter two resulting from NO x -emissions) and contrails into account. AirClim combines a number of precalculated atmospheric data with aircraft emission data to obtain the temporal evolution of atmospheric concentration changes, radiative forcing and temperature changes. An overview of the methodology is given in Fig. 2 . The main part of the model AirClim is indicated in blue, showing the functional chain from emissions (yellow) and precalculated atmospheric input data (red) to the resulting global mean near surface temperature change. To determine the precalculated atmospheric input data emission regions with a normalized (=equal for all regions) emission strength (in mass mixing ratios per time) were defined. For each of the idealized emission regions, a climate-chemistry simulation (E39/C) was performed employing normalized emissions of nitrogen oxides and water vapor to obtain their chemical response, i.e. the simultaneous effect of nitrogen oxides and water vapor. Then, in a second and third step chemical perturbations and radiative forcing of ozone, methane, water vapor, and contrails were calculated applying a state-of-the-art climate-chemistry model. These altitude and latitude dependent perturbations are than combined with the emission data. A detailed description and validation of the model is given in Grewe and Stenke (2008). Here we apply an extended AirClim version, with a higher resolution of precalculated results, especially at cruise altitudes. 10 The benefit of this linearization is that the time consuming precalculations only need to be done once and the precalculated input data can then be used for the evaluation of any emission scenario.
IV. Climate impact evaluation as part of aircraft pre-design
To show that it is possible to determine small differences between the climate impact of two emission sets, despite considerable uncertainties of the overall climate impact we exemplarily analyze four different emission scenarios (AERO2k, TRADEOFF, QUANTIFY and NASA). The scenarios represent different years. In order to homogenize them, we scale the fuel consumption, NO x emission, and flown distance of all emission scenarios to the same global mean value. Hence, the only difference between the scenarios is the different geographical distribution of emissions. A temporal evolution according to the IPCC Fa1 scenario was assumed. The above mentioned uncertainties are considered in AirClim. For example, background concentrations of CO 2 and CH 4 , stratospheric lifetime, radiative forcing and climate sensitivities of each species are taken into account with uncertainties in the range of up to 50%. The uncertainties are expressed as relative errors and depend on scientific understanding of the respective processes. The uncertainty of the future development of the temperature change caused by ozone for two different emission scenarios is presented in Fig. 3 . Due to the large uncertainties in RF, the difference in resulting temperature change is very large (47-147 mK). Despite this large uncertainty, the relative difference in temperature change of both scenarios (7 %) is largely unaffected. For quantifying the uncertainty of the temperature change with a higher accuracy a Monte-Carlo-Simulation with 10000 iterations is carried out. For every uncertainty parameter a gauss distributed random number inside the error bars is used. By this a broad range of possible combinations of the uncertainty parameters are calculated. The resulting temperature change for the year 2100 for each of the four emission scenarios is presented in Fig. 4 as a frequency distribution. Due to the large uncertainties the TRADEOFF and QUANTIFY scenarios do not differ significantly. However, the distributions are correlated as already suggested in Fig. 3 . For better discrimination of the temperature changes of different emission scenarios the percentage difference of the scenarios is calculated for every step of the Monte-Carlo-Simulation. The percentage difference is the deviation of temperature change of one scenario to the mean of all scenarios in relation to the mean of all scenarios. The higher this factor, the larger the climate impact of the scenario. This factor is presented in Fig. 5 for each emission scenario. Despite the large uncertainty in temperature change, all scenarios can significantly be differentiated through this kind of presentation. Although the global emission of CO 2 , NO x and the flown distances is the same in all scenarios, the climate impact clearly differs. This clearly indicates the importance of the correct representation of air traffic emissions with respect to their latitudinal and altitudinal distribution to determine the climate impact of an aircraft emission set.
In addition to the total climate impact of an aircraft emission set the climate impact of every species can be analyzed separately. The advantage is that different climate impacts and their causes can be analyzed in more detail. In Fig. 6 the percentage difference for all scenarios and species is weighted with the relative contribution to the total climate impact. CO 2 has no effect on the difference of the scenarios because the fuel combustion is scaled to the same value and the climate impact of CO 2 is independent of the emission location (see above). The differences in climate impact are mainly caused by O 3 due to the different vertical distribution of NO x emissions and the large altitudinal dependency of air traffic NO x effects, which strongly increases with increasing altitude. While in the NASA inventory the emission take place at higher altitudes the AERO2k inventory shows emissions also at lower altitudes. The climate impact of H 2 O increases more strongly with altitude than the climate impact of O 3 does. Hence NASA has the highest temperature increase because emissions take place up to 130 hPa, while the TRADEOFF inventory shows emissions only up to 200 hPa and has therefore a smaller climate impact due to H 2 O. The differences of the scenarios due to CH 4 and contrails are also caused by a different geographical distribution of emissions but effects are rather small.
The above described methodology shows the possibility to determine small differences in climate impact between several emission sets, despite considerable uncertainties of the overall climate impact of air traffic. However it is also possible to analyse emission data sets with different fuel consumption or NO x emissions, which result from different aircraft designs. Within the CATS-project, emission data sets for different technological or operational options are calculated and analyzed with the method described above. Technological options for example could be the use of different engines or variation in wingspan or aircraft configuration. An operational option for example is flying at higher altitudes, which reduces fuel consumption but increases the climate impact of O 3 and H 2 O. An other operational option is flying in regions without contrail formation, which would decrease the climate impact of contrails but potentially increases fuel consumption. 
V. Conclusions and Outlook: Future Applications
The AirClim model is an efficient tool to study the climate impact of different technology or routing options and findings could be included in the pre-design of an aircraft. The whole process, as e.g. described in a companion paper by Koch et al. (2009) , 7 comprises a detailed multi-disciplinary aircraft design tool, a mission and 3D flight routing calculation for a global network, an engine performance emission tool, and a 3D calculation of aircraft emissions of CO 2 , H 2 O, NO x , and particles. Metrics used to evaluate the design and aircraft subsystems model are direct operating costs, cosmic radiation exposure, and climate change estimates. Here we focused on the climate change estimates in terms of RF and temperature change. Uncertainties in the estimate of climate change caused by air traffic are still rather large, however, this does not impede the inclusion of a climate change metric into the pre-design. As a test case, we selected four different estimates for distributions of current air traffic emissions. Significantly different climate impacts could be detected employing a wide range of uncertainties in atmospheric processes (see Fig. 5 ). This indicates, that the methodology is applicable within aircraft pre-design. Future applications will include an analysis of the air traffic system with respect to climate change and future mitigation options with respect to different flight levels and routes. A first application was performed within the EU project HISAC for supersonic business jet configurations. Now it is planned to include these tools within the CATS project and in the future it is planed to apply these tools in close cooperation with industry, e.g. in the framework of CLEAN SKY and other projects.
